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Maximum power point
tracking (MPPT)Abstract This paper studies the power electronic converters for grid connection of axial flux per-
manent magnetic synchronous generators (AFPMSG) based variable speed wind turbine. In this
paper, a new variable speed wind turbine with AFPMSG and Z-source inverter is proposed to
improve number of switches and topology reliability. Besides, dynamic modeling of AFPMSG is
presented to analyze grid connection of the proposed topology. The Z-source inverter controls max-
imum power point tracking (MPPT) and delivering power to the grid. Therefore other DC–DC
chopper is not required to control the rectified output voltage of generator in view of MPPT. As
a result, the proposed topology requires less power electronic switches and the suggested system
is more reliable against short circuit. The ability of proposed energy conversion system with
AFPMSG is validated with simulation results and experimental results using PCI-1716 data acqui-
sition system.
 2015 Production and hosting by Elsevier B.V. on behalf of Ain Shams University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
In recent years, use of renewable energies has grown more
quickly due to environmental problems of fossil fuel sources
[1]. Among the other renewable energy sources, wind energyis now the world fastest growing energy owing to advantages:
being clean and cost effective [2].
Generator type of the wind energy systems can be classified
into four main groups: (1) fixed-speed squirrel-cage induction
generator; (2) wound rotor induction generator with variable
rotor resistance; (3) doubly fed induction generator based on
a power electronic converter among the grid and its rotor
windings; and (4) synchronous generator, which is in two
types: wound rotor synchronous generator and a permanent-
magnet synchronous generator (PMSG) [3–5].
The variable-speed wind energy conversion systems
(WECS) are mostly fabricated using synchronous generators
(SGs). The technical requirements of WECS in different power
rating can be achieved with great flexibility of SGs structures
[6–8]. The PMSGs structure has ability of designing in largennected
2 A.R. Dehghanzadeh et al.number of poles which makes the generator shaft operate at a
speed of turbine blades. So, the gearbox can be eliminated in
WECS based PMSGs. As a result, the costs of installation
and maintenance are reduced as compared to induction gener-
ator (IG) based turbines where the existing of gearbox is a
must.
Basically, the PMSG structure is categorized into two
groups of radial-flux and axial-flux machines in view of flux
direction in air gap. Various factors have been studied for per-
formance comparison of radial flux and axial flux (AF) PM
machines to select proper choice [9,10]. Compared to radial
flux structures, the AF machines have inherent features of
modularity and can obtain the high level of torque density,
especially if they are designed in high number of poles. In
radial flux PM machines, it is impossible to accomplish a high
pole number, because the decreasing number q of slots
(pole  phase) is required to satisfy a minimum possible size
of the tooth pitch, consequently the performance quality is
aggravated [10]. Several trials [9–13] have been reported in
the literature to wind turbines in order to present advantages
of AFPMSG, but these papers have no study about AFPMSG
connection to grid. These papers study the design and perfor-
mance of AFPMSG without paying to grid connection and
control parts. This paper studies the power electronic convert-
ers for wind turbines based AFPMSG. The power electronic
converter based Z-source inverter is proposed for grid connec-
tion of AFPMSG in this paper.
WECS based AFPMSG is normally connected to the grid
by full-rated power electronic converters to achieve maximum
efficiency in variable speed performance. Besides, the WECS
based power electronic converters obtain advantages such as
reactive power control and fault ride-through operation.
A common topology of ac–dc–ac converters for AFPMSG
is shown in Fig. 1(a). This topology consists of rectifier based
diode, dc–dc boost converter and three phase inverter. In this
topology, dc–dc boost converter is utilized to achieve maxi-
mum power point tracking (MPPT) control and inverter is
controlled to provide power quality indexes of power delivered
to the grid.
Z-source inverter (ZSI), a novel power converter with boost
capability was first proposed in 2002 [14]. The Z-sourceFigure 1 (a) Conventional APMSG based wind turbine with boost
Please cite this article in press as: Dehghanzadeh AR et al., Dynamic modeling of win
to the grid with switch reduced converter, Ain Shams Eng J (2015), http://dx.doi.orinverter includes DC voltage source, LC network and inverter
switches [15–18]. Despite conventional inverters, the Z-source
inverter uses shoot-through (short circuit) states to increase
the input voltage of inverter switches circuit. Short circuit
taking is a problem in the conventional inverters; however
the Z-source inverter is more reliable against short circuit.
As compared to traditional inverters, the Z-source inverters
achieve higher efficiency, more reliability and lower complexity
[19–22].
In this paper, a new WECS structure based AFPMSG and
Z-source inverter are proposed as shown in Fig. 1(b). As a
result, the proposed topology needs fewer switches as
compared to traditional structures. Besides, it is more reliable
against short circuit. The axial type of PMSG based Z-source
inverter was presented in [23] recently, the authors used radial
type of PMSG model and the axial model of PMSG has not
been discussed. This paper examines axial flux modeling in
simulations.
This paper is organized as follows. Section 2 introduces
AFPMSG structure and its dynamical model. Z-source inver-
ter topology and study of its circuit are presented in Section 3.
Section 4 explains the control algorithm of proposed
topology. Simulation results on a proposed wind turbine are
provided in Section 5. Section 6 describes the experimental
results and finally Section 7 draws the conclusions.
2. AFPMSG modeling
There are different structures for AFPMSG, such as one
stator-one rotor, double rotor-one stator, double stator-one
rotor and so on. The double rotor-one stator has two PM
rotors and one stator disk as shown in Fig. 2. Windings are
placed encircling the stator core which are linked back-to-
back. A nonmagnetic matter as an example of epoxy resin is
utilized to fill the empty places of stator windings to raise
the strength and heat conductivity in non-slot ted arrange-
ments. In this topology, the principle flux does not move in
the rotor disk, therefore the steel disk is not utilized in the
rotor topology. The rotor is constructed just with NdFeB
PMs in the form of fan which are magnetized axially. Like
rotor structure, nonmagnetic matter is utilized to replacechopper and (b) AFPMSG-based WECS with Z-source inverter.
d turbine based axial flux permanent magnetic synchronous generator connected
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Figure 2 Axial flux machine with double rotor-one stator
structure.
Wind turbine based axial flux permanent magnetic synchronous generator 3between the PMs and forms a fixed structure and consequently
results in the elimination of magnetic rotor disk. As a result,
characterization of high power to inertia ratio is achieved in
these machines due to the lack of iron in the rotor [10].
Dynamic model of AFPMSG is achieved according to basic
equations of three phase electrical machines which are trans-
formed to the d–q frame. Fig. 3 illustrates the equivalent circuit
of AFPMSG with assuming the flux linkage of permanent
magnetic materials. The dynamic model of AFPMSG as
shown in Fig. 3 can be simplified with applying the equations
as follows:
ud ¼ Rsid þ Ld did
dt
 xLqiq ð1Þ
uq ¼ Rsiq þ Lq diq
dt
þ xLdid þ xwPM ð2Þ
where Ld, Lq, Rs and wPM are the stator inductances in d axes,
stator inductances in q axes, stator resistance and the linkage
PM flux, respectively. The Eq. (3) shows the relations of elec-
tromagnetic torque and AFPMSG electrical parameters.
Te ¼ 1:5p½Ldidiq  Lqidiq þ iqwPM ð3Þ
According to Eqs. (1-3), the block diagram of AFPMSG
dynamic model is achieved as in Fig. 4.Figure 3 Equivalent circuit, (a) in q axis and (b) in d axis.
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As illustrated in Fig. 5, the Z-source inverter includes Z impe-
dance network, which connects the dc voltage source to the
inverter. Compared to traditional inverters, one additional
zero vector (state) is utilized in Z-source inverter switching
algorithm for boosting voltage. This vector is called shoot-
through vector. When both upper and lower power electronic
switches of any one phase leg are turned on simultaneity, the
shoot-through state occurs. As a result, there are two opera-
tion modes for the Z-source inverter: non-shoot-through state
and shoot-through state. Fig. 5(b) and (c) shows the equivalent
circuit of shoot-trough state and non-shoot-through state,
respectively [22].
Eqs. (4) and (5) can be expressed with analysis of Z-source
equivalent circuit in shoot-through state as follows:
Vl ¼ VC ð4Þ
Vin ¼ 0 ð5Þ
With analysis of non-shoot-through state, the maximum
output voltage of Z impedance network and voltage across
inductors can be written as follows:
Vl ¼ Vdc  VC ð6Þ
Vin ¼ VC  Vl ð7Þ
Vin ¼ 2VC  Vdc ð8Þ
Equation between capacitor voltage and output voltage of
Z-impedance network is calculated as (9) where average value
of inductor voltage is considered zero.
VC
Vin
¼ Tns
Tns  Tsh ð9Þ
where Tsh and Tns show total shoot-through state period and
total non-shoot-through state period during switching period,
respectively. Vin and boost factor are achieved as (10) with sub-
stituting (9) into (8), when the system is in the non-shoot-
through mode.
Vin ¼ 1
1 2 Tsh
T
 !
Vdc ð10Þ
B ¼ 1
1 2 Tsh
T
ð11Þ
where T and B are period switching and boost factor, respec-
tively. It is obvious that B P 1. The suggested structure in
this paper is switched into shoot-through mode when output
voltage level of inverter is inherent zero, as a result the part
or whole of the zero states time are altered to shoot-through
mode [22].
During non-shoot through mode, the capacitor voltage
equals the input DC voltage and the inductor voltage is nearly
zero, only a pure DC current flow through the inductors. In
shoot-through state, the inductor voltage equals capacitor
voltage and inductor current increases linearly. Inductor value
is obtained as follows:
L ¼ VC  Tsh
DI
ð12Þd turbine based axial flux permanent magnetic synchronous generator connected
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Figure 4 Block diagram for simulation of AFPMSG.
4 A.R. Dehghanzadeh et al.where Vc and DI are the capacitor average voltages and the
assumed current ripple of inductor, respectively [22].
The inductor is fed by the capacitor in shoot-through state,
then, the capacitor value can be obtained as follows:
C ¼ IL  Tsh
DVC
ð13Þ
where IL is the inductor average current and DVC is the
assumed voltage ripple of capacitor [22].
4. Maximum power point tracking
Produced mechanical power of a wind turbine is calculated as
[1]:
Pmech ¼ 1
2
qACPV
3
x ð14Þ
where A, q, Vx and CP show the area swept by turbine blades,
density of air, wind speed and power coefficient, respectively.
Fig. 6 shows turbine output power versus rotor speed and
wind speed. As shown in Fig. 6, the maximum value of turbine
produced power occurs at variant speeds of turbine for
different wind speeds. Eqs. (15-17) give steady-state relations
of considered AFPMSG [1]:
T ¼ KtIa ð15ÞPlease cite this article in press as: Dehghanzadeh AR et al., Dynamic modeling of win
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E2 ¼ V2 þ ðIaxrLsÞ2 ð17Þ
xr is the rotor speed. Ia and V are the stator current and
generator phase voltage, respectively. Ls shows the inductance
of AFPMSG. The output DC voltage of diode rectifier is given
as: (18)
VDC ¼ 3
ﬃﬃﬃ
6
p
p
V ð18Þ
Eqs. (15-18) conclude that the output DC voltage of
rectifier follows as: (19)
VDC ¼ 3
ﬃﬃﬃ
6
p
p
xr
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
k2e 
TLs
kt
 2s
ð19Þ
The torque value is related to speeds of rotor and wind, in
other hand according to Eqs. (19), the DC voltage is a function
of rotor speed. As a result, prediction and regulating of DC
voltage value can regulate the rotor speed [1].
In order to achieve relationship between optimum DC
voltage VDC
 
and xr, the V

DC is calculated in different wind
turbine maximum powers and related rotor speeds using
Eq. (19). The maximum wind power and related rotor speed
are specified in different wind speeds according to Fig. 6. Then,
the curve of VDC versus rotor speed is achieved. Thed turbine based axial flux permanent magnetic synchronous generator connected
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Figure 5 (a) Z-source inverter structure; (b) equivalent circuit of
shoot-trough state; (c) equivalent circuit in non-shoot-through
state.
Wind turbine based axial flux permanent magnetic synchronous generator 5relationship between the VDC and rotor velocity is nonlinear,
therefore in this paper, a fifteen order approximation is applied
to the relation of DC voltage and rotor speed. Z-source inver-
ter sets the DC voltage using the capability of shoot-through
state and consequently voltage boosting. Boost ability of
Z-source is depended to shoot-through time according to
(11). After determining optimum DC voltage VDC
 
, VSC is
calculated by the following:
Vsc ¼ VC
2VC  VDC
ð20Þ
The Vsc determines the shoot-through rate to regulate VDC
in value of VDC. In order to create the shoot-through states, the
Vsc is compared with one carrier signal in triangular waveformFigure 6 Turbine output power versus generato
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(Vsc) to control the shoot-through state, when the triangle
waveform is greater than the Vsc or the triangle waveform is
lower than the (Vsc), the inverter turns into shoot-through
state and otherwise it operates just as traditional PWM.
The equations of active and reactive delivered powers to the
grid in the d–q reference frame are obtained as follows:
P ¼ 3
2
ðvdid þ vqiqÞ ð21Þ
Q ¼ 3
2
ðvqid  vdiqÞ ð22Þ
v and i present the grid voltage and injected current to the grid,
respectively. The ‘‘q” and ‘‘d” subscripts show the quadrature
and direct parts, respectively. If the reference frame is guided
along the voltage of grid, vq equals to zero. As a result, the
active and reactive powers are expressed as [1]:
P ¼ 3
2
vdid ð23Þ
Q ¼  3
2
vdiq ð24Þ
The controls of active and reactive powers are obtained by
controlling of direct and quadrature components of current
based Eqs. (23) and (24). In this case, capacitor voltage is kept
constant at reference value. In other words, constant voltage of
capacitor guarantees that all power of input is delivered to the
grid. In this algorithm, difference between reference value and
capacitor voltage is given to a PI controller, as an error, and
the PI controller with appropriate gains can produce reference
value of id. Implemented control system is illustrated in Fig. 8.
5. Simulation results
Proposed structure of wind turbine has been modeled to verify
the performance of suggested topology. The electrical
parameters of studied AFPMSG are presented in Table 1.
In the following study case, reference value of injected
reactive power is regulated to zero in control circuit. Sudden
change in the wind speed is applied in order to evaluate the
dynamic performance of the proposed AFPMSG. The step
change is applied to wind speed at t= 1.3 s as shown in
Fig. 9(a). Fig. 9(b) shows the AFPMSG output electricalr speed with the wind speed as a parameter.
d turbine based axial flux permanent magnetic synchronous generator connected
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Figure 7 The algorithm of shoot-through state generation.
Figure 8 Power generation system with implemented control strategy.
Table 1 Parameters of simulated AFPMSG.
Parameters Value
Electrical power (kW) 5
Number of poles 12
Rated voltage (V) 230
Rated speed (rpm) 300
d-Axis synchronous inductance (Ld) 0.055
q-Axis synchronous inductance (Lq) 0.06
Stator resistance (RS) 3.7 X
Moment of inertia (J) 0.016 kg m2
6 A.R. Dehghanzadeh et al.
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to the electrical grid according to turbine characteristics as
shown in Fig. 6. Rotor speed is presented in Fig. 9(c). Based
on Fig. 6, in wind speed of 12 m/s, the optimum rotor speed
and maximum output power of turbine are 1.2 p.u. and
0.73 p.u., respectively. As shown in Fig. 9(b) and (c), the pro-
posed topology of AFPMSG generates 0.65 p.u. of active
power in rotor speed of 1.2 (p.u.). Differences between maxi-
mum power of turbine and AFPMSG generated power are
because of turbine and generator losses. In t= 1.3 s, the wind
speed decreases to 11 m/s, and the generated active power and
rotor speed follow MPPT conditions.d turbine based axial flux permanent magnetic synchronous generator connected
g/10.1016/j.asej.2015.11.002
Figure 9 Simulation results, (a) wind speed, (b) output active power, (c) rotor speed and (d) reactive power injected to the grid.
Wind turbine based axial flux permanent magnetic synchronous generator 7
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8 A.R. Dehghanzadeh et al.Fig. 9(d) presents the stator output reactive power which
follows the reference value. Fig. 10(a) shows the voltage of Z
network, vi .The vi is controlled based suggested MPPT algo-
rithm in Section 4. In the wind speed of 12 m/s, the shoot-
through ratio is zero and vi is constant value. After t= 1.3 s,
the shoot-through is produced to boost output voltage level
of Z-source inverter to achieve MPPT as shown in Fig. 10
(b). The value of boost factor is related to MPPT condition.
Fig. 10(c) indicates Z-source inverter output that produces
three levels of voltage based vi. As compared to traditional
topology of AFPMSG connection to grid, the Z-source inver-
ter regulates MPPT condition requiring less power electronicFigure 10 Simulation results of Z-source inverter, (a) vi, (b) vi in the sm
current to the grid before t= 1.3 s, (e) injected current to the grid aft
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short circuit because of shoot-through state capability.
Fig. 10(d) and (e) shows the injected current to the grid before
wind speed change (t= 1.3) and after wind speed decreasing,
respectively. The harmonic spectrum and THD of injected cur-
rent are depicted in Fig. 10(f).
6. Experimental results
The prototype of studied topology has been constructed and
tested in order to demonstrate the possibility of experimental
tests of the proposed solution. The studied topology inall range of time, (c) Z-source inverter output voltage, (d) injected
er t= 1.3 s and (f) harmonic spectrum of injected current.
d turbine based axial flux permanent magnetic synchronous generator connected
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Fig. 10 (continued)
Table 3 Geometrical data of the experimental tested
AFPMSG.
Parameters Value
Wind turbine based axial flux permanent magnetic synchronous generator 9pervious sections feeds local resistive load in place of grid. The
prototype consists of the following: AFPMSG, induction
motor, variable frequency converter, diode rectifier, Z-source
inverter and PCI-1716 data acquisition card (DAQ). The pro-
totype AFPMSG was driven by an induction motor fed by a
variable voltage, variable frequency (VVVF) driver. The tested
AFPMSG is a double-rotor, single-stator which consists of one
stator and two rotor parts. Ironless stator winding is located in
the air gap between the rotor disks. The rotor disks are con-
structed of steel S232JR structure, and supporting parts. Cir-
cular shaped Neodymium-Iron-Boron magnets (Nd-Fe-B)
are used on surfaces of rotor disk with Br = 1.13 T,
Hc = 796 kA/m and (BH)max = 119 kJ/m
3 and maximum
operating temperature of 140 C. Tables 2 and 3 present theTable 2 Parameters of the experimental tested AFPMSG.
Parameters Value
Electrical power (W) 300
Number of poles 8
Number of coils 6
Number of phases 3
Permanent magnet residual flux density 1.20 (T)
Please cite this article in press as: Dehghanzadeh AR et al., Dynamic modeling of win
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tested AFPMSG, respectively.
The constructed Z-source inverter includes components
such as (1) IRFP460 MOSFETS as the power electronic
switch, (2) MUR820G as fast diode, (3) capacitors with size
of 2200 lf and (4) inductors with size of 2.2 mH. The switching
signals were produced with PCI-1716 DAQ for B= 1.25. TheRadius of circular magnet 25 (mm)
Distance between center of disks and permanent
magnets
100 (mm)
Inner radius of coil 6 (mm)
Outer radius of coil 115 (mm)
Permanent magnet axial length 10 (mm)
Air gap between permanent magnets 20 (mm)
Thickness of back iron 10 (mm)
Speed 600 (rpm)
Axial length of generator 60 (mm)
Outer radius of back iron disk 150 (mm)
d turbine based axial flux permanent magnetic synchronous generator connected
g/10.1016/j.asej.2015.11.002
Figure 11 Experimental results of proposed system,
(a) Photographs of the prototype, (b) output voltage of AFPMSG,
(c) output voltage of Z network (Vin) and (d) inverter output
voltage (Vo).
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order to interface the switching signals to the inverter power
switches. The Switching frequency is 1 kHz. The prototype sys-
tem is tested with 600 RPM shaft speed. Fig. 11(a) shows pho-
tographs of the prototype.
Fig. 11(b) indicates the voltage waveform extracted from
the AFPMSG. As shown in Fig. 11(b), the amplitude of the
voltage is about 40 V. It means that the input DC voltage of
Z-network is about 40 V. Output voltage of Z network is
shown in Fig. 11(c), and the levels of Vin are approximately
60. As compared to DC voltage input, the amplitude of voltage
is boosted according to B= 1.25. The experimental inverter
output voltage, Vo, is shown in Fig. 11(d). Measured three
levels are approximately 0, ±60. The THD of output voltage
(Vo) was measured with power analyzer and it is about 68%.
7. Conclusion
This research work presented the Z-source converter for wind
turbine application based axial flux permanent magnetic syn-
chronous generator. The dynamic modeling of AFPMSG has
been studied to analyze the performance of proposed topology.
The model has been implemented in simulation in order to val-
idate it and proposed inverter circuit. The suggested Z-source
inverter increases the MPPT capability and reliability of wind
turbine based AFPMSG. Simulation results show the ability of
proposed topology. Besides, control strategy of AFPMSG
based on a suggested converter was described. The simulation
results show that the proposed system can operate according
to control strategy aims in the variation of wind speed. Also,
the experimental results verified the performance of AFPMSG
and proposed inverter in voltage boosting and generation of
desired output voltage waveform.Acknowledgment
This research has been supported by Azarbaijan Shahid
Madani University.
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